INTRODUCTION
Small gaseous hydrocarbons exhibit properties that are potentially advantageous for the manipulation of membrane components and detergents. At relatively low concentrations these molecules exhibit anaesthetic behaviour, presumably mediated through their interaction with membrane-associated binding sites [1, 2] . At higher concentrations they disrupt the membrane structure and function. The potential for using this disruption for the preparation and processing of membrane components is largely unexplored. Although only sparingly soluble at atmospheric pressure (1 standard atmosphere is about 0.1 MPa), small hydrophobic molecules such as methane can be forced into aqueous solution at higher concentrations by application at high partial pressures. For instance, methane has a solubility of about 1.5 mM at atmospheric pressure in water, but over 0.5 M at 100 MPa [3] . As most proteins do not denature at hydrostatic pressures of less than 150-200 MPa [4] [5] , it is possible to expose biological molecules in their native conformation to relatively high concentrations of small hydrophobic gas molecules. The partitioning of gaseous hydrophobic molecules between aqueous solutions and the hydrophobic interiors of membrane systems is likely to result in much higher effective concentrations of the gas molecules within the membranes. For instance, the partition coefficient of methane between n-octonol and water is about 100: 1, depending on the pressure and temperature of the system [3, 6] . This makes it possible to produce very high local concentrations of methane within membrane systems at moderate pressures. It is also presumably one reason for the broad anaesthetic properties of most hydrophobic gases. In principle, the effect of small gaseous hydrocarbons on membrane systems may be mediated via several mechanisms. First, they partition into hydrophobic compartments, such as lipid bilayers [7] , potentially altering their structure and affecting their stability. Secondly, they compete for water of hydration with other hydrophobic solutes, such as detergents, and force these molecules out of solution, moving them into either micelles or membranes. Thirdly, to achieve moderate concentrations of small gaseous hydrocarbons in biological systems requires the were studied. Methane acts co-operatively with detergents to produce haemolysis at much lower detergent concentration than is required in the absence of methane or in the presence of nitrogen. At [8] have found that the physiological effects of high hydrostatic pressure on tadpoles (Rana pipiens) were different from the effects produced by high-pressure helium or nitrogen, for the same pressure. Similar effects have been observed by Nelson and co-workers [9] on the growth ofmicrobial organisms and they have used the term hydrostatic and hyperbaric to distinguish these effects.
The effect of hydrostatic pressure on biological systems has been characterized in detail [4, 10, 11] . For instance, hydrostatic pressures of several hundred atmospheres have been shown to affect cell function and properties such as ion transport [12] , release of membrane proteins [13] , receptor-protein dissociation [14] and lipid-phase transitions [15] . Once the desired pressure has been achieved, the cell can be isolated and the pressure maintained for the course of the experiment by closing the high-pressure valve. After the sample had been introduced, the lids and the safety cabinet were securely closed. The cell was first flushed out by pumping the desired gas to about 0.5-1 MPa, maintaining this range for about 2 min, and then slowly leaking the gas to a vented hood. This procedure was repeated at least three times to remove all traces of air and moisture from the interior of the cell.
After flushing, the cell was pressurized in steps of 5 MPa until the desired pressure was reached. A few minutes were allowed to lapse after each pressure step, to avoid any increase in temperature due to the compression of the gas and to minimize the stress on the high-pressure cell. At the end of the experiment, pressure was reduced gradually by equalizing the pressure inside the booster with that inside the cell and then reopening the isolation valve. Subsequently, the pressure in the cell was brought down to atmospheric over a period of 1-1.5 h by releasing the gas to the vented hood. Characterization and further details of the high-pressure cell are described elsewhere [19a] . 
RESULTS AND DISCUSSION Effect of methane and nitrogen
The effect of methane and nitrogen on erythrocyte survival was measured as a function of the pressure of the applied gas. Cell suspensions (0.3 ml in PBS) were incubated for 24 h in the presence of 20, 41, 50 and 64 MPa methane and in the presence of identical pressures of nitrogen. After the incubation, the solutions were brought to atmospheric pressure and the extent of haemolysis was determined as described in the Materials and methods section. Both the nitrogen-and methane-incubated cell suspensions contained large amounts of gas bubbles in the solution (see below). The solubility of methane in aqueous solvent is 2.1 times that of nitrogen. Therefore at a given pressure the aqueous concentration of methane is more than twice that of nitrogen. This difference does not, however, explain the great difference seen in the haemolysis induced by the two gases.
Another explanation is that the cells saturated with the gaseous solutes collapsed during the decompression because of formation of intracellular bubbles leading to leakage of haemoglobin. Experiments carried out by Hemmingsen et al. [21] rule out this possibility. They showed that intact human erythrocytes and ghosts (loaded with fluorescent markers) incubated with either nitrogen or argon at pressures of 30 MPa and decompressed rapidly (about 1 s) are not haemolysed despite the presence of profuse bubbles in the medium. They have attributed this ability of erythrocytes to withstand gas supersaturation to the absence of intracellular bubble formation, in contrast with Tetrahymena pyriformis cells (containing food vacuoles) which were ruptured as a result of intracellular bubble formation [22] . Even though we have carried out experiments at higher pressures than Hemmingsen et al. [21] , our decompression times are at least three orders of magnitude longer and our results for nitrogen are in agreement with those of Hemmingsen et al. The diffusion of gases in unstirred samples with volumes greater than 0.4 ml is sufficiently slow to lower the degree of haemolysis observed for experiments of 10 h duration. The diffusion time for the transport of methane through a height h (in cm) is given by h2 = 1 Dt, where t = time (in s) and D = diffusion constant. As the volume of the sample is V= hA where A is the cross-sectional area and is essentially a constant in these experiments, V2 should be proportional to Dt for a diffusion-limited process. The inset shows a plot of time required to achieve 50% haemolysis against V2, which is proportional to the square of the height of the solution (as area is held constant). This relationship is linear, supporting the proposition that methane-induced haemolysis is a diffusion-limited process. 0, 0. The horizontal axis is log concentration to allow the substantially different activities of methane and methanol to be plotted on the same curve. Note that at these high pressures of methane, Henry's law is not well obeyed [3] .
Earlier work of Gerth and Hemmingsen [23] had shown that for nitrogen and methane the gas supersaturation tension (in atmospheres), i.e. the difference between the gas equilibration pressure and the pressure at which bubbles appear at the glass/water interface, is not significantly different for gas equilibration pressures of MPa. Therefore the haemolysis observed in methane-incubated solutions is probably not due to
Effect of sample volume and buffer
The effect of diffusion time was studied by measuring erythrocyte survival at 64 MPa ofmethane and nitrogen for different volumes of cell suspension in order to confirm the results shown in Figure  2 . Results of these experiments carried out in PBS as well as Alsever's buffer are shown in Figure 3 . Except for the smallest sample volume, less than 3 % of the control erythrocytes (in PBS) were haemolysed at 0.1 MPa in the 10 h of this experiment. The 0.05 ml sample at 0.1 MPa exhibited 7 % haemolysis, presumably because of disruption of erythrocytes at the air/water interface or to the errors involved in handling small volumes. In Alsever's buffer, pH 6.4, erythrocyte survival at 0.1 MPa was similar to that in BPS (results not shown). At low sample volumes (0.1-0.4 ml) erythrocyte survival for 10 h at 64 MPa methane in PBS is about 20% and in Alsever's buffer about 60%. Cell survival increases rapidly with increasing volume for both the buffers. In the case of 64 MPa nitrogen pressure, even for the smallest volume, erythrocyte survival was more than 90 %.
The diffusion constant D of methane in water is 1.904 x 10-5 cm2/s [24] , making it unlikely that methane diffused completely to the sedimented erythrocytes at the bottom of the sample tubes over the course of these experiments. For example, given this value of D and using the expression for diffusion in one dimension over a height h as, 1/2 Dt = h2, we obtain t8 h, for h = 0.5 cm. To substantiate further the idea that haemolysis is diffusion-limited in the absence of stirring, the time required to produce 50 % haemolysis (PBS buffer) was plotted as a function of the square of the volume since volume (V) = hA. For a diffusion-limited process, this should produce a straight line, as seen in the inset of Figure 3 . These experiments validated the use of sample volumes of 0.3 ml and incubation times of more than 12 h. Decreasing this time led to incomplete diffusion of the applied gas into the specimen. Increased temperature also enhanced the effect ofmethane on haemolysis (results not shown). However, owing to problems in maintaining the pressure cell at a constant uniform temperature, most experiments were carried out at room temperature.
Comparison with methanol-induced haemolysis Figure 4 shows the percentage haemolysis induced by methane and methanol as a function of their molar concentrations. Methane is over 20 times as efficient as methanol in erythrocyte haemolysis. Small aliphatic alcohols are considered to be potent haemolysing agents and believed to destabilize membrane by pore formation [25] . Methane is much more effective at haemolysing erythrocytes but whether it acts via the same mechanism or a different one is not known. The partition coefficient of methane between octonol and an aqueous solution is more than 70 times higher than for methanol for the same interface [26] (the difference is much higher if the partition coefficients are considered for hexadecane and an aqueous solution [26] ) and this may contribute to the greater potency ofmethane for haemolysis. Chi et al. [27] found that the correlation between the observed haemolysis and concentration of small-chain alcohols improved when they used the membrane concentration (calculated using the partition coefficient) rather than the aqueous concentration. A related explanation may involve the region of the membrane at which the n-alcohols and n-alkanes become partitioned (see below).
Effect of gases on detergent-induced haemolysis
Erythrocyte suspensions containing increasing concentrations of n-octyl 8-D-glucopyranoside (0-0.45 %) were incubated under bubble formation in the extemal medium. [28, 29] . However, there is not always a simple correlation between the critical micellar concentration and haemolysis [29] . There have, however, been suggestions that detergent-induced haemolysis may involve intrabilayer non-bilayer phase [30, 31] . The mechanism by which methane enhances detergent-induced haemolysis is not immediately clear. By competing with detergent molecules for the water ofhydration, methane will drive detergent molecules out of solution, either into micelles or into the membrane. This enhances the effect of any given concentration of a detergent on the membrane by increasing the number of the detergent molecules that are interacting with the membrane. The natural aggregated form of a detergent is a micelle; detergents have too large an area-to-volume ratio to form a bilayer [32] . When they interact with a membrane, the lipid structure will be disrupted in a way that will be consistent with an increase in the area-to-volume ratio of the hydrophobic phase. Small hydrophobic molecules such as methane would be expected to produce the opposite effect on the area-to-volume ratio, presumably increasing the volume of the hydrophobic phase with little or no effect on its area. Consequently, these two opposing effects might be expected to cancel out one another; however, such a cancelling out is not observed and therefore other effects must contribute to methane-induced haemolysis.
King et al. [33] have studied the interaction of n-hexane with dioleoylphosphatidylcholine (DOPC) bilayer and reported that the partial molar volume of hexane in bilayer is close to zero. According to these authors, the thickness of the hydrocarbon region (-9) in DOPC does not change even when one molecule of hexane is added per lipid molecule. This observation is in contrast with earlier reports and the widely held belief that added hexane should increase the bilayer thickness. Whether the very small volume change seen for n-hexane in pure DOPC bilayer is universal and applicable to small gaseous alkanes in heterogeneous membrane lipids is not known. If the near-zero volume change seen for n-hexane is true for methane also, then it can partly explain the co-operative effect seen in the case of methaneinduced haemolysis by detergents. White et al. [34] have also shown that partitioned hexane is predominantly present in the hydrocarbon core of the bilayer (the middle). From the structure of fluid DOPC bilayer determined by the combined use of X-ray and neutron diffraction by White and co-workers [34, 35] , one can infer the possible partitioning of n-alcohols in the interfacial region of the bilayer as opposed to the predominant partition at the hydrocarbon core for the n-alkanes. This may partly explain the difference between methane and methanol, the latter being likely to be present mostly in the interfacial region and hence requiring a much higher concentration in order to be partitioned further into the membrane to produce haemolysis. However, detailed structural information is required for the further understanding of methane-induced haemolysis in both the presence and absence of detergents. Although the molecular mechanism of methane-induced haemolysis is unclear, these results suggest that the strong interactions of methane with membranes may have clear advantages for a number of biochemical procedures. First, methane may make possible the use of smaller detergents for the solubilization of membrane components. This could be advantageous for the isolation, purification and crystallization of membrane proteins. Second, methane could be used to improve the efficiency of current isolations or to solubilize detergent-resistant components under relatively mild conditions. Finally, methane can be removed completely from any biological specimen through the release of pressure at the end of an experiment, making it a completely clean reagent for processing of products for human usage.
The results presented here demonstrate that methane is highly interactive with membranes, and its application can result in the complete haemolysis of erythrocytes in suspension at hydrostatic pressures that have little effect on protein structure. Methane is much more effective than methanol at producing these effects whereas nitrogen has little effect. Methane also enhances the destabilization of the erythrocyte membrane by the action of detergents.
